This study used optical coherence tomographic angiography to assess for impaired blood flow in myopic eyes with or without open-angle glaucoma.
M yopia affects more than 1.4 billion people worldwide, 1 with pathologic or high myopia affecting 6% to 18% of the myopic population and 1% of the general population. 2 Although myopia increases the risk of open-angle glaucoma (OAG) approximately 2-fold to 3-fold, 3 ,4 the pathophysiologic mechanisms underlying this association remain unclear. In addition to intraocular pressure (IOP)-induced stress and strain within the lamina cribrosa and peripapillary sclera, 5 impaired blood flow and subsequent hypoxic injury to the retinal ganglion cells may also play a role in the pathophysiology of OAG. 6, 7 Additionally, decreased blood flow increases the vulnerability of the optic nerve to the deleterious effects of elevated IOP.
In highly myopic eyes, reduced retinal vessel density and impaired blood flow within the large retinal vessels are visible on laser Doppler velocimetry and optical coherence tomography angiography (OCTA), largely because of narrowing of vessel diameters. [8] [9] [10] [11] [12] In addition, decreased choroidal blood flow has been associated with increased axial length in studies using color Doppler ultrasonography and Langham ocular blood flow computerized tonometry. [13] [14] [15] Ocular elongation associated with myopia may thin retinal tissue and thus reduce oxygen requirements, leading to decreased blood circulation and retinal microvascular attenuation. 9 Indeed, evidence of abnormal peripapillary and macular microvasculature has been observed in highly myopic individuals. 10, 12 Within the microvasculature, the radial peripapillary capillaries form a unique capillary network within the retinal nerve fiber layer (RNFL) and play a crucial role in satisfying the metabolic requirements of retinal ganglion cells axons. 16, 17 Previous investigations have implicated vascular factors in OAG pathogenesis, possibly through disruption of the radial peripapillary capillaries. 11, [18] [19] [20] In addition, axial length has been shown to negatively correlate with the peripapillary retinal flow index. 12 Since there is a close association between myopia and OAG, and since decreased blood flow has been reported in both conditions, we hypothesized that decreased blood flow in myopia may potentiate the compromised blood supply to the optic nerve in OAG. A novel noninvasive imaging technique, OCTA, has been widely used in investigations of retinal pathologies and glaucoma. [21] [22] [23] [24] However, to our knowledge, quantitative analysis of the peripapillary microvasculature in myopia with and without OAG using OCTA has not yet been reported. In this study, we evaluated the retinal vessel density parameters using OCTA in myopic eyes with and without OAG.
Methods
This prospective, cross-sectional, observational study was approved by the New York Eye and Ear Infirmary of Mount Sinai institutional review board. Written informed consent was obtained from all participants, and the study adhered to Health Insurance Portability and Accountability Act and the tenets of the Declaration of Helsinki.
Participants
This study included patients with myopia with or without glaucoma, who were recruited from February 1, 2016, to October 31, 2016. The inclusion criteria for all groups were bestcorrected visual acuity greater than or equal to 20/40 and an age older than 20 years. For study purposes, we defined nonmyopic eyes as a refractive error plus or minus 3 diopters and myopia as a spherical equivalent of −3 diopters or more.
Further inclusion criteria for control participants included no evidence of retinal pathology or glaucoma, IOP of 21 mm Hg or less, no chronic ocular or systemic corticosteroid use, an open anterior chamber angle on gonioscopy, normal-appearing optic discs, global circumpapillary RNFL thickness measured on OCTA within the 95% CI of the mean, and no visual field defects on 24-2 Swedish interactive thresholding algorithm standard visual examination tests.
Open-angle glaucoma was defined as a glaucomatousappearing optic nerve (ie, neuroretinal rim thinning or notching), an open anterior chamber angle on gonioscopy, and RNFL thinning on OCT greater than or less than the 95% CI of the mean. A visual field defect was defined as 3 contiguous points at a 5% level of significance on the pattern deviation plot, with 1 of the 3 points at a 1% level of significance; a glaucoma hemifield test outside normal limits; or a pattern standard deviation outside normal limits (P < .05), consistent with a glaucomatous pattern. Cutoffs for low test reliability included 20% false positives, 20% false negatives, and 20% fixation losses. In classifying participants with primary OAG by disease stage, mild was defined as a mean deviation (MD) of less than −6 dB, moderate as −6 to −12 dB, and severe as more than than −12 dB.
Exclusion criteria for all eyes included a history of ocular surgery apart from uncomplicated cataract surgery, vitreoretinal diseases or nonglaucomatous optic neuropathy, chronic ocular or systemic corticosteroid use, diabetes mellitus, and cardiovascular disease other than treated systemic hypertension. Both eyes from each participant were imaged and analyzed.
Clinical Examinations
All participants underwent a comprehensive ophthalmic examination, including measurements of best-corrected visual acuity (BCVA) (Snellen), anterior segment slitlamp biomicroscopy, IOP measurement using Goldmann applanation tonometry, and dilated fundus examination using a 78-diopter noncontact
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Question Do patients whose eyes have myopia, open-angle glaucoma, or both exhibit decreased peripapillary perfused capillary density?
Findings In this cross-sectional study, 87 people with myopic eyes with glaucoma, 17 patients with myopic eyes without glaucoma, 93 patients with non-myopic eyes with glaucoma, and 51 control participants were assessed for perfused capillary density via optical coherence tomography angiography and customized software. The presence of PCD was associated with a progressive decrease from control status and myopia without glaucoma to nonmyopia with glaucoma to myopia with glaucoma.
Meaning These findings suggest that open-angle glaucoma might have a greater effect on perfused capillary density than myopia does.
slitlamp lens (Volk Optical). Visual field examinations were performed on the Humphrey Visual Field Analyzer (Humphrey Instruments Model 740; Carl Zeiss Meditec) using the 24-2 Swedish interactive thresholding algorithm standard program. Retinal nerve fiber layer analysis was performed on the OCT (Spectralis OCT, version 6.0.11.0 + Glaucoma Module Premium Edition Software; Heidelberg Engineering).
Optical Coherence Tomography Angiography
All OCTA images were obtained with a commercial spectraldomain OCT system (AngioVue Software Version 2015.100.0.35; OptoVue). Each patient underwent a single imaging session consisting of 2 volumetric raster scans (1 vertical and 1 horizontal) centered on the optic nerve head and covering 4.5 × 4.5 mm. Each raster scan consisted of 304 brightness scans, which were each scanned twice, for a total 608 brightness scans. Each brightness scan consisted of 304 amplitude scans. With an amplitude scan rate of 70 000 A-scans per second, each raster scan took less than 3 seconds.
To produce images of perfused vessels, split-spectrum amplitude decorrelation angiography was used. 25 Additional software segmented the cross-sectional OCTA retinal image into distinct layers. To sample the radial peripapillary capillaries vasculature, we analyzed the vessels located between the internal limiting membrane and the posterior boundary of the RNFL. 20 After reviewing the raw images by the investigator (Y.S.), images with significant background noise, motion artifacts, signal strength index of less than 40, and segmentation within the regions of interest (ROIs) were excluded.
OCTA Image Analysis
All OCTA images were analyzed using a custom MATLAB program (MathWorks). 18 Each grayscale OCTA image (304 × 304 pixels) was resized by a factor of 6 (producing an image of 1824 × 1824 pixels) to allow division of the image into smaller portions than was achievable in the original, unscaled image. The contrast of each resized image was normalized by using the highest and lowest 1% of pixel intensity values as the upper and lower limits, respectively. Global thresholding was performed to convert the grayscale OCTA image into a binary image by replacing all pixel intensities greater than 0.55 with the value 1 (white, representing vessels) and the remaining pixels with the value 0 (black, representing background). This binary image was used to remove pixels associated with major blood vessels ( Figure 1 ). After the removal of large blood vessels using the binary image, local adaptive thresholding was performed using a sampling window size of 15 × 15 pixels to account for local differences in brightness throughout the image.
18,24 To calculate annular and sectoral PCD, a 3.45-mm-diameter outer circle was manually placed by an author experienced in these examinations (Y.S.) concentric to the inner 1.95-mm circle, producing an annular ROI 0.75 mm wide. This 3.45-mm outer circle diameter parallels the dimensions of the standard circumpapillary RNFL circle scan currently used in most commercially available OCT systems. To ensure that the same ROI was included in all OCTA images, the PCD within a fixed annular ROI was extracted for quantitative analysis. The PCD was then calculated as a percentage by dividing the area associated with perfused capillaries (white pixels) by the area of the ROI in question (either the entire annulus or 1 of the four 90°sectors). A color-coded PCD map was generated by computing the PCD within successive 16 × 16-pixel sampling windows with 8-pixel overlaps across the binary image. Global PCD was calculated by generating a percentage of the number of pixels associated with perfused capillaries divided by the number of pixels in the entire image, after removal of the inner 1.95-mm circular area and the major blood vessels.
Statistical Analysis
Descriptive statistics were calculated as the mean and standard deviation for normally distributed variables and median, first quartile, and third quartile for variables distributed non-normally. Categorical variables were analyzed using the Fisher exact test. Continuous variables were analyzed using an age-adjusted analysis of variance to assess for differences among the 4 groups, and a Tukey-Kramer honest significant difference test to assess the differences between pairs of groups. A marginal model of generalized estimating equations was performed to adjust for confounding factors (age, axial length, and stage) and intraclass correlation. All statistical analyses were performed with Stata, version 14 (StataCorp). The α level (type 1 error) was set at .05 for all comparisons.
Results

Study Population
Initially, 250 patients whose eyes were with or without glaucoma met the inclusion criteria for this study. ] years) were included. In the cohort with myopia with glaucoma, 39 (45%) were women; among those with myopia without glaucoma, 10 (59%); among those with glaucoma without myopia, 55 (59%); and among controls, 38 (75%). There were significant differences among the 4 groups in spherical equivalent refractive error, axial length, RNFL thickness, and visual field indices ( Table 1) . There was an equal distribution of patients with early, moderate, and severe glaucoma in the glaucoma without myopia and myopia with glaucoma groups. There was no difference in mean visual field mean deviation and visual field pattern standard deviation between those with myopia without glaucoma and control participants and between those with glaucoma without myopia and those with myopia with glaucoma (eTable 1 in the Supplement).
PCD Analysis
The comparisons of global, annular, and sectoral PCD are displayed in Table 1 There were significant differences in global and annular PCD in pairwise comparisons between all 4 groups (eTable 2 in the Supplement), except between the patients with myopia without glaucoma and the control group (mean difference, −2.6; 95% CI, −7.5 to 2.3; P = .52 for global PCD vs mean difference, −2.3; 95% CI, −7.5 to 2.9; P = .65 for annular PCD).
Focusing on the percentage difference in PCD between the patients with glaucoma without myopia and the control group, the superior and nasal sectors exhibited a greater percentage difference than the inferior and temporal sectors (mean difference, −1.8; 95%, CI −3.2 to −0.4; P < .01; Table 2 ; eTable 3 in the Supplement). In contrast, between the group with myopia without glaucoma and the control group, only the superior sector exhibited greater percentage difference than the temporal sector (mean difference, −2.4; 95% CI, −4.2 to −0.5; P = .02). Between the patients with myopia with glaucoma and the control group, the superior and nasal sectors exhibited the greater percentage difference than the inferior and temporal sectors (mean difference, −2.8; 95% CI, −4.6 to −0.9; P = .004).
The mean difference in global PCD between each of the 3 experimental groups and the control group was greatest in patients with myopia and glaucoma (−11.6; 95% CI, −14.0 to −8.1; P < .001), followed by patients with glaucoma without myopia (−8.6; 95% CI, −10.9 to −6.3; P < .001) and those with myopia without glaucoma (−2.8; 95% CI, −6.9 to 1.2; P = .17), respectively (Table 2 ). However, no interaction was found between glaucoma and myopia when adjusted for patient age, axial length, and disease stage (mild, moderate, or severe).
Discussion
Optical coherence tomography angiography enables noninvasive and quantitative imaging of the retinal microvascular network. Most studies of myopia that use OCTA stress the decreased vessel density in the macula rather than in the optic nerve head. 12, 26, 27 Even though the alteration in glaucoma and myopia affect the entire retinal tissue, we chose in this study to evaluate the radial peripapillary capillary that directly supplies the retinal ganglion cells. Through the use of OCTA and a customized analysis algorithm, our overall findings demonstrate a nonsignificant reduction in PCD in moderately to highly myopic eyes compared with a control group. We also observed an overall trend toward decreased PCD from control groups and patients with myopia without glaucoma, to those with glaucoma without myopia, to those with myopia and glaucoma. In contrast, Akagi et al 11 reported
statistically similar peripapillary vessel density between a group of patients with primary OAG with high myopia and a group of patients with primary OAG without myopia. These conflicting findings can be explained. First, Akagi et al 11 used intrinsic software provided by OptoVue for image analysis, while our study used a customized MATLAB program to remove large vessels. Second, the previous study enrolled solely patients with highly myopic eyes, while this one enrolled patients with moderately to highly myopic eyes. Third, the previous study had a small sample size, and there was a trend toward greater decreased vessel density in the high myopia group. Regarding the percentage differences in sectoral PCD, there were greater percentage differences in the superior and nasal sectors than in the inferior and temporal sectors of patients with glaucoma without myopia and those with myopia with glaucoma compared with control participants. In contrast, in patients with myopia without glaucoma compared with control participants, only the superior sector exhibited greater percentage difference than the temporal sector. Interpreted together, these findings suggest that distinct patterns in PCD reduction exist in myopia without glaucoma vs glaucoma without myopia. In addition, a recent study 24 reported a percentage difference in PCD between controls and patients with mild primary OAG. The superior quadrant exhibited the greatest percentage difference, followed by the inferior and nasal quadrants. When considering the mean difference in global PCD between each of patients with glaucoma without myopia, myopia without glaucoma, and myopia with glaucoma compared with controls, there was a greater percentage difference in those with both conditions than in those with glaucoma without myopia and myopia without glaucoma. This implies that both glaucoma and myopia produce an effect on PCD and that myopia contributes a lesser effect on PCD than glaucoma. However, no interaction was found between glaucoma and myopia when adjusted for patient age and disease stage.
With the progression of myopia, elongation of the globe mechanically stretches retinal tissue, resulting in decreased vascular endothelial growth factor production and a putative decrease in retinal microvascular density. 28, 29 Alternatively, the decline in microvascular density may be caused by reduced oxygen demand because of myopic retinal degeneration. Other peripapillary vascular abnormalities, including retinal pigment epithelium atrophy with presumed underlying choriocapillaris loss, have been identified in myopic eyes. One hypothesis underlying these vascular changes posits that RNFL loss may reduce regional oxygen demand, thus triggering retinal vascular attenuation via autoregulatory mechanisms. 12 Peripapillary atrophy may play a role the decreased peripapillary blood flow in myopic eyes and may be considered a confounding factor. Conversely, peripapillary atrophy might be a possible reason for the formation of chorioretinal atrophy in myopia. 12 
Limitations
This study has several limitations. First, segmentation error of retinal capillaries may occur in eyes with high myopia. The OCTA modality use in the present study has limitations in the analysis of error segmented layers, which is unavoidable in some myopic eyes. To exclude the influence of such artifacts, we mainly analyzed eyes with segmentation errors located outside the ROI. Second, we included a relatively high proportion of patients with younger ages in the myopia without glaucoma groups. Since advanced age could affect the peripapillary microvasculature, we sought to eliminate the effect of age on PCD through multiple linear regression analysis.
Conclusions
In summary, this study provides a quantitative analysis of microvascular disturbance in myopia and open-angle glaucoma. Our findings suggest that microvascular attenuation to a greater extent in OAG compared with that in myopia. The simultaneous presence of myopia and OAG results in a level of microvascular attenuation greater than is observed with either pathology alone. Given the cross-sectional design, these results cannot distinguish if this association is a cause and effect or is because of confounding factors. Further research is necessary to elucidate the associations and interactions between glaucomatous progression in myopia and PCD changes over time, as well as the possible role of decreased PCD in the pathogenesis of myopia. 
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